INTRODUCTION {#S1}
============

Hepatocellular carcinoma (HCC) is a primary malignancy of the liver with high mortality and its incidence is rising across the globe([@R14], [@R15], [@R16], [@R36]). The tumor often develops in the background liver with chronic hepatitis and cirrhosis. Consistent with the strong association between chronic inflammation and hepatocarcinogenesis, studies have shown that mediators of inflammation, such as prostaglandins (PGs), play an important role in hepatocarcinogenesis ([@R66]). Increased cyclooxygenase-2 (COX-2) expression has been found in human and animal HCCs and in dysplastic hepatocytes ([@R1], [@R8], [@R30], [@R31], [@R33], [@R48], [@R54]). In cultured human HCC cells, forced overexpression of COX-2 increases tumor cell growth and invasiveness([@R21], [@R33]). The cyclooxygenase inhibitors, nonsteroidal anti-inflammatory drugs (NSAIDs), inhibit the proliferation and induce apoptosis in cultured HCC cells and in animal models of hepatocarcinogenesis ([@R66]), although these inhibitors are known to mediate effects through both COX-dependent and -independent mechanisms. These findings provide important preclinical evidence for targeting COX-2 to prevent human hepatic carcinogenesis. However, in light of the increased cardiovascular side effect associated with some COX-2 inhibitors ([@R2], [@R10], [@R20], [@R64]), it is imperative to identify specific molecular targets downstream of COX-2 for effective and safer anti-tumor therapy.

The synthesis of prostaglandins in human cells is controlled by several key enzymes including cyclooxygenases that convert arachidonic acid to PGH~2~ ([@R28], [@R55], [@R56]) and prostaglandin E synthase that coverts PGH~2~ to PGE~2~ ([@R43], [@R51], [@R57], [@R63]). Similar to COX-2, mPGES-1 is an inducible enzyme that is upregulated during inflammatory conditions and catalyzes the synthesis of PGE~2~ under basal as well as inflammatory conditions ([@R43], [@R51], [@R57], [@R63]). Elevated expression of mPGES-1 has also been found in several human cancers including HCC ([@R59]). Consistent with the documented role of mPGES-1 for PGE~2~ synthesis, mPGES-1 knockdown has been shown to inhibit PGE~2~ production and reduce tumor cell proliferation and/or invasiveness in several tumor cell types including the Lewis lung carcinoma (LLC) cells ([@R27]), human prostate cancer cell line DU145 and non-small cell lung cancer cell line A549 ([@R22]). However, in contrast to the established role of COX-2 in the development and progression of human cancers, the role of mPGES-1 in hepatocellular carcinoma has not been investigated. Given the functional coupling between COX-2 and mPGES-1 for PGE~2~ synthesis ([@R43], [@R44]), we postulated that mPGES-1 may represent a potential effective COX-2 downstream target for the chemoprevention and treatment of hepatic cancers. An important advantage of targeting mPGES-1 is to achieve effective anti-tumor therapy without COX-2-inhibitor associated cardiovascular side effect.

Besides prostaglandin signaling, Wnt/β-catenin activation has also been implicated in various stages of hepatic tumorigenesis([@R5], [@R17], [@R38], [@R39], [@R52], [@R62], [@R68]). β-catenin functions as a transcription co-factor of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family and leads to the activation of Wnt target genes such as *c-myc*, *cyclin D1 and Akt*([@R9], [@R13], [@R19], [@R24], [@R40], [@R60]). In the absence of Wnt ligands, cytoplasmic β-catenin associates in a complex with glycogen synthase kinase-3β (GSK-3β), Axin and APC, where β-catenin is phosphorylated and targeted for proteosomal degradation. Activation of Wnt signaling causes dissociation of the β-catenin degradation complex, leading to β-catenin accumulation in the nucleus, where it binds TCF/LEF that induce transcription of important downstream target genes implicated in cell proliferation, differentiation, and apoptosis ([@R9], [@R19], [@R24], [@R40]).

This study was designed to investigate the biological function and molecular mechanism of mPGES-1 in hepatocellular carcinoma cells. Our data provide novel evidence for a key role of mPGES-1 in human HCC cell growth and progression. We show herein that mPGES-1 enhances HCC cell growth through PGE~2~-mediated activation of EGR1 and β-catenin signaling pathway. Overexpression of mPGES-1 or treatment with PGE~2~ induces the formation of EGR1-β-catenin complex, which interacts with TCF4/LEF1 transcription factors and activates the expression of β-catenin downstream genes. Our findings in this study disclose a novel mPGES1/PGE~2~-induced activation of EGR1/β-catenin signaling cascade that is crucial for hepatocarcinogenesis.

RESULTS {#S2}
=======

mPGES-1 enhances HCC growth parameters, *in vitro* {#S3}
--------------------------------------------------

To determine the effect of mPGES-1 on hepatocellular carcinoma cell growth, we constructed human HCC cell lines (Hep3B and Huh7) with forced overexpression or depletion of mPGES-1. Hep3B and Huh7 cells were transfected with mPGES-1 expression vector (pCMV6-AV-GFP-mPGES-1), GFP control vector (pCMV6-AC-GFP), mPGES-1 RNAi vector (pGFP-V-RS-mPGES-1), or RNAi control vector (pGFP-V-RS), respectively. Successful alterations of mPGES-1 expression in these stably transfected cells were confirmed by both immunofluorescence and Western blotting analyses. As highlighted by immunofluorescence ([Fig 1A & B](#F1){ref-type="fig"}), the level of GFP-mPGES-1 was increased in cells transfected with the GFP-mPGES-1 expression vector but decreased in cells transfected with the mPGES-1 RNAi vector. Western blotting analysis showed increased mPGES-1-GFP fusion protein (44KD) in mPGES-1 overexpressed cells, and decreased mPGES-1 protein (17KD) in mPGES-1 knockdown cells. The synthesis of PGE~2~ was significantly increased in mPGES-1 overexpressed cells, but decreased in mPGES-1 knockdown cells. The levels of COX-2, cPGES, mPGE-2 were not significantly altered in cells with mPGES-1 overexpression or knockdown ([Supplementary Fig S1](#SD1){ref-type="supplementary-material"}). Overexpression of mPGES-1 significantly increased the growth of Hep3B and Huh7 cells when compared to the GFP control cells; in contrast, RNAi knockdown of mPGES-1 significantly inhibited tumor cell growth ([Fig 1C & D](#F1){ref-type="fig"}).

We next performed colony-formation assays in Hep3B and Huh7 cells with altered mPGES-1 expression. As shown in [Fig 1E & F](#F1){ref-type="fig"}, mPGES-1 overexpressed cells showed significantly higher colony formation under the culture plate assay, whereas mPGES-1 knockdown cells exhibited lower colony-formation efficiency. In Hep3B cells, mPGES-1 overexpression resulted in 38.25±8.4% colony formation, whereas mPGES-1 knockdown led to 4.27±1.1% (p\<0.01). In Huh7 cells, mPGES-1 overexpression resulted in 86.68±16.98% colony formation, whereas mPGES-1 knockdown led to 17.64±4.47% colony formation (p\<0.01). Similar findings were also observed under the soft-agar assay ([Supplementary Fig S2](#SD1){ref-type="supplementary-material"}). Thus, mPGES-1 signaling enhances colony-formation capacity in HCC cells.

Flowcytometry was next performed to examine the impact of mPGES-1 on cell cycle progression. In Hep3B cells, when mPGES-1 was overexpressed, 52.4% cells entered into S phase with 30.5% of cells staying at G1 phase; in contrast, when mPGES-1 was knocked down, 14.2 % cells entered into S phase with 79.6% cells remaining at G1 phase ([Fig 2A](#F2){ref-type="fig"} and [Supplementary Fig S3A](#SD1){ref-type="supplementary-material"}). In Huh7 cells, when mPGES-1 was overexpressed, 62.2% cells entered into S phase with 25.2% of cells staying at G1 phase; when mPGES-1 was knocked down, 11.8 % cells entered into S phase with 81.1% cells remaining at G1 phase ([Fig 2B](#F2){ref-type="fig"} and [Supplementary Fig S3B](#SD1){ref-type="supplementary-material"}). These data suggest that mPGES-1 signaling promotes cell cycle progression at G1/S transit. Accordingly, BrdU labeling experiments showed higher BrdU positive Hep3B and Huh7 cells when mPGES-1 was overexpressed and lower BrdU positive cells when mPGES-1 was knocked down ([Fig 2C&D](#F2){ref-type="fig"}); these findings indicate that mPGES-1 signaling regulates DNA synthesis in human HCC cells.

We performed further experiments to determine whether mPGES-1 expression might influence cell invasion, migration, and injury repair ability. Under transwell assay, the invasive cells were significantly higher in mPGES-1 overexpressed cells compared to vector control cells (309.1±87.2 versus 112.4±28.1 for Hep3B cells; 256.9 ±31.4 versus 78.3±15.1 for Huh7 cells) and lower in mPGES-1 knockdown cells (48.2±15.9 versus 143.2±41.3 for Hep3B cells; 43.3±8.2 versus 86.7±16.9 for Huh7 cells) ([Fig 2E&F](#F2){ref-type="fig"}). Under wound healing assay, the average wound width (mm) were significantly lower in mPGES-1 overexpression group but higher in mPGES-1 RNAi group ([Fig 2G&H](#F2){ref-type="fig"}). These findings suggest that mPGES-1 enhances cell invasion, migration and injury repair ability in human HCC cells.

mPGES-1 enhances hepatocarcinogenesis, *in vivo* {#S4}
------------------------------------------------

To investigate the effect of mPGES-1 on hepatocarcinogenesis *in vivo*, the Hep3B and Huh7 stable cell lines with altered expression of mPGES-1 were injected subcutaneously into SCID (severe combined immunodeficiency) mice. As shown in [Fig 3](#F3){ref-type="fig"}, when mPGES-1 was overexpressed, the tumor weight increased approximately three folds when compared to the corresponding control group (2.788±0.498 grams versus 0.902±0.214 grams for Hep3B tumors; 1.979±0.451g versus 0.589±0.114 grams for Huh7 tumors). On the other hand, when mPGES-1 was knocked down, the average tumor weight decreased to approximately 1/4 to 1/3 of the control weight (0.239±0.059 grams versus 0.965±0.147 grams for Hep3B tumors; 0.193±0.048 grams versus 0.625±0.132 grams for Huh7 tumors). mPGES-1 overexpression resulted in early tumor formation compared to the control group (4.81 ±1.56 days versus 7.92±2.87 days for Hep3B tumors; 5.11±1.24 days versus 10.23±2.98 days for Huh7 tumors) (p\<0.01). In contrast, the time of tumor appearance was prolonged in the mPGES-1 RNAi group compared to the control group (14.21±3.13 days versus 8.54±3.46 days for Hep3B tumors; 16.12±4.07days versus 9.64±3.11days for Huh7 tumors) (p\<0.01). As shown in [Supplementary Fig S4](#SD1){ref-type="supplementary-material"}, the proliferation index (calculated as percentage of PCNA \[proliferating cell nuclear antigen\]-positive cells) was significantly higher in mPGES-1 overexpressed tumors compared to the vector control (94.12±23.79% versus 25.93±5.12 for Hep3B tumors; 82.42±15.22% versus 33.53±10.78 for Huh7 tumors) (p\<0.01). Conversely, the percentage of PCNA positive cells was significantly lower in mPGES-1 knockdown tumors (12.71±2.03% versus 31.35±4.21% for Hep3B tumors; 10.6±2.98% versus 29.15±7.36 for Huh7 tumors) (p\<0.01). These findings demonstrate that mPGES-1 enhances HCC progression *in vivo*.

mPGES-1 induces β-catenin and EGR1 accumulation in HCC cells {#S5}
------------------------------------------------------------

As both prostaglandin and Wnt/β-catenin signaling pathways are active in human HCC([@R5], [@R39], [@R52], [@R66], [@R68]), we examined whether mPGES-1 might regulate β-catenin in our system. Confocal microscopy showed that the nuclear level of β-catenin was increased when mPGES-1 was overexpressed, but decreased when mPGES-1 was knocked down in both Hep3B and Huh7 stable cell lines ([Fig 4A & B](#F4){ref-type="fig"}). These findings are consistent with the observations that PGE~2~ induces β-catenin accumulation in hepatic and colon cancer cells([@R7], [@R34], [@R35], [@R53]).

We observed that the level of early growth response 1 (EGR1) was increased when mPGES-1 was overexpressed but decreased when mPGES-1 was knocked down ([Supplementary Fig S5](#SD1){ref-type="supplementary-material"}). This finding is noteworthy, given that EGR1 is a key transcription factor involved in the regulation of cell proliferation and apoptosis([@R18], [@R32], [@R37], [@R46], [@R61], [@R65]). Since both β-catenin and EGR1 are transcription factors/cofactors, we further examined their levels in the nuclei isolated from the Hep3B and Huh7 stable cell lines.

As shown in [Fig 4C-H](#F4){ref-type="fig"}, the nuclear and cytoplasmic levels of β-catenin and EGR1 were increased in mPGES-1 overexpressed cells but decreased in mPGES-1 knockdown cells. Thus, both β-catenin and EGR1 are downstream targets of mPGES-1. It is of note that the level of β-catenin is inversely correlated with GSK-3β, whereas the level of EGR1 is inversely correlated with sumoylated EGR1 (SUMO-EGR1 is not detectable in the cytoplasmic extracts). The inverse correlation between β-catenin and GSK-3β/phosphorylated β-catenin suggests involvement of GSK-3β in mPGES-1-mediated regulation of β-catenin. This observation is not surprising, given that GSK-3β is known to play an essential role in the canonical Wnt signal-transduction pathway, initiating proteasomal degradation of β-catenin by phosphorylating β-catenin on key residues([@R4], [@R25]). Interestingly, GSK-3β can also enter the nucleus where it binds β-catenin and inhibits β-catenin activity (does not result in β-catenin phosphorylation or degradation)([@R3], [@R6], [@R12], [@R42]). In this study, we found that the level of GSK-3β in the nucleus and cytoplasm was decreased in mPGES-1 overexpressed cells but increased in mPGES-1 knockdown cells, suggesting that mPGES-1 initiated signaling prevents GSK-3β nuclear entry (thus contributing to β-catenin activation).

mPGES-1 regulates β-catenin and EGR1 levels through PGE~2~ in HCC cells {#S6}
-----------------------------------------------------------------------

As mPGES-1 is a key enzyme for PGE~2~ synthesis, we examined the effect of PGE~2~ on β-catenin and EGR1 signaling molecules. Similar to the upregulation of β-catenin and EGR1 by mPGES-1 overexpression, PGE~2~ treatment also increased the level of β-catenin and EGR1 in nuclear proteins and cell lysates ([Fig 5A](#F5){ref-type="fig"}). Consistent with the documented role of GSK-3β for β-catenin phosphorylation and degradation, we observed that PGE~2~ treatment (for 24hours) decreased the levels of GSK-3β and phospho-β-catenin in human HCC cells. Additionally, inhibition of PGE~2~ signaling by anti-PGE~2~ antibody partially prevented mPGES-1 induced increase of β-catenin and EGR1 ([Fig 5B](#F5){ref-type="fig"}). Furthermore, anti-PGE~2~ antibody treatment also partially prevented mPGES-1 induced β-catenin binding to EGR1, TCF4 and LEF1 ([Figure 5C](#F5){ref-type="fig"}). These findings suggest that mPGES-1 activates β-catenin and EGR1 through PGE~2~ in human HCC cells. The observation that anti-PGE~2~ antibody treatment (for 24hours) partially reverses mPGES-1-mediated reduction of GSK-3β suggests GSK- 3β inhibition by PGE~2~ in mPGES-1-induced β-catenin accumulation.

mPGES-1 induces the formation of EGR1-β-catenin binding complex {#S7}
---------------------------------------------------------------

The results presented in the above sections suggest that mPGES-1-derived PGE~2~ increased the levels of β-catenin and EGR1. However, prior to the current study, it was not known whether EGR1 could interact with β-catenin in human cells. To investigate this possibility, we carried out immunoprecipitation assays to determine whether β-catenin might bind EGR1 in the nuclear extract isolated from Hep3B and Huh7 stable cell lines. As shown in [Fig 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}, overexpression of mPGES-1 increased nuclear β-catenin association with EGR1, whereas mPGES-1 knockdown decreased such an interaction. In addition, the interaction between β-catenin with TCF4 or LEF1 was also enhanced in mPGES-1 overexpressed cells but decreased in mPGES-1 knockdown cells. On the other hand, overexpression of GSK-3β inhibited mPGES-1-indued β-catenin association with EGR1 as well as TCF4. Furthermore, we observed that EGR1 overexpression enhanced mPGES-1-induced β-catenin interaction with TCF4 or LEF1 whereas EGR1 knockdown reduced this interaction. EGR1 overexpression, however, did not increase β-catenin association with LEF1 in cells with mPGES-1 depletion, suggesting that mPGES-1 is required for EGR1-mediated β-catenin and LEF1 association. Given that the function of EGR1 in cells can be regulated by sumoylation([@R67]), we further determined whether sumoylation of EGR1 is involved in mPGES-1-mediated β-catenin activation in HCC cells. Our data indicate that only non-sumoylated EGR1 (but not sumoylated EGR1) was able to bind β-catenin. Therefore, sumoylated EGR1 is probably not directly involved in mPGES-1-induced β-catenin activation in HCC cells. Taken together, these findings suggest an important role of EGR1 in mPGES-1-mediated β-catenin association with TCF4/LEF1 transcription factors.

mPGES-1 induces EGR1/β-catenin binding to LEF/TCF DNA consensus site {#S8}
--------------------------------------------------------------------

We next performed EMSA and DNA pulldown assays to determine the effect of mPGES-1 expression on β-catenin binding to the LEF/TCF consensus site in HCC cells. As shown in [Fig 8A](#F8){ref-type="fig"}, mPGES-1 overexpression enhanced the formation of TCF4/LEF1 protein-DNA complex as detected by EMSA, whereas mPGES-1 knockdown reduced this complex. Similarly, DNA pulldown assay also showed that β-catenin association with TCF/LEF oligonucleotide was increased in mPGES-1 overexpressed cells but decreased in mPGES-1 knockdown cells ([Fig 8B](#F8){ref-type="fig"}). Furthermore, mPGES-1 overexpression enhanced the interaction between β-catenin and EGR1 on TCF/LEF DNA consensus site whereas mPGES-1 knockdown reduced this interaction ([Fig 8C](#F8){ref-type="fig"} and [9A](#F9){ref-type="fig"}). The association between β-catenin and TCF4 or LEF1 on the TCF/LEF DNA consensus site was also more abundant in mPGES-1 overexpressed cell but decreased in mPGES-1 knockdown cells ([Fig 8D](#F8){ref-type="fig"} and [9A](#F9){ref-type="fig"}). These findings suggest that mPGES-1 signaling increases β-catenin association with EGR1, TCF4 and LEF1 and enhances their DNA binding ability. The observation that anti-PGE~2~ antibody prevented mPGES-1 induced association of β-catenin/EGR1/TCF4/LEF1 to the TCF/LEF DNA consensus site ([Fig 9B](#F9){ref-type="fig"}) suggests the involvement of PGE~2~ in this process.

To further determine the role of EGR1 in mPGES-1-mediated β-catenin binding to TCF/LEF site, we utilized HCC cells with EGR1 overexpression or knockdown for DNA pulldown analysis. As shown in [Fig 8E](#F8){ref-type="fig"} and [9C](#F9){ref-type="fig"}, mPGES-1-mediated binding of β-catenin to TCF/LEF site was enhanced when EGR1 was overexpressed but diminished when EGR1 was knocked down. Knockdown of EGR1 also prevented mPGES-1-induced assembly of β-catenin, TCF4 and LEF1 on their DNA consensus site ([Fig 9C](#F9){ref-type="fig"}). These findings demonstrate an important role of EGR1 in mPGES-1-induced β-catenin activation.

As a complementary approach, we utilized cells with β-catenin overexpression or knockdown for DNA pulldown analysis. As shown in [Fig 8F](#F8){ref-type="fig"}, the binding of EGR1 to TCF/LEF consensus site was increased when mPGES-1 or β-catenin was overexpressed; in contrast, EGR1 could not bind to LEF/TCF consensus site when β-catenin was knocked down. The latter observation indicates that EGR1 itself cannot bind to TCF/LEF DNA element and its association with TCF/LEF consensus site is mediated through interaction with the β-catenin protein. Taken together, these findings show that mPGES-1 signaling increases the association of the β-catenin protein complex with the LEF/TCF consensus site in HCC cells and that EGR1 plays a critical role in this process.

mPGES-1 increased β-catenin reporter activity {#S9}
---------------------------------------------

Consistent with the effect of mPGES-1 signaling on β-catenin protein complex assembly and DNA binding as presented in the above sections, our further experiments revealed that mPGES-1 overexpression increased β-catenin reporter activity whereas mPGES-1 knockdown inhibited it ([Fig 9D](#F9){ref-type="fig"}). Moreover, siRNA depletion of EGR1 significantly inhibited mPGES-1 induced TCF/LEF reporter activity; the degree of inhibition appears similar to that induced by β-catenin knockdown or GSK-3β overexpression ([Fig 9E](#F9){ref-type="fig"}). These findings further support an important role of EGR1 in mPGES-1-induced β-catenin activation. The observation that anti-PGE~2~ antibody prevents mPGES-1-induced β-catenin reporter activity ([Fig 9E](#F9){ref-type="fig"}) further suggests the involvement of PGE~2~ in β-catenin activation.

mPGES-1-mediated HCC cell growth and invasion depend on β-catenin and EGR1 status {#S10}
---------------------------------------------------------------------------------

We next examined mPGES-1-mediated growth parameters in cells with overexpression or knockdown of β-catenin and EGR1. As shown in [Fig 10A](#F10){ref-type="fig"}, β-catenin knockdown significantly reduced mPGES-1-induced HCC cell growth. In addition, β-catenin knockdown also partially reduced mPGES-1-induced accumulation of S phase cells, whereas β-catenin overexpression offset mPGES-1 effect ([Fig 10B](#F10){ref-type="fig"}). These findings suggest a key role of β-catenin in mPGES-1-induced G1/S transition and cell growth. It is of note that knockdown of both β-catenin and EGR1 almost completely abrogated mPGES-1-induced S phase cell accumulation. In the wound healing assay, knockdown of β-catenin or EGR1 significantly prevented mPGES-1-induced cell migration and injury repair ability ([Fig 10C](#F10){ref-type="fig"}). Knockdown of both β-catenin and EGR1 more effectively prevented mPGES-1-induced cell migration and injury repair than knockdown of either β-catenin or EGR1 alone. In transwell assays, knockdown of β-catenin or EGR1 significantly prevented mPGES-1-induced cell invasion ([Fig 10D](#F10){ref-type="fig"}). These data suggest that mPGES-1-mediated cell growth, migration, invasion and cell cycle progression are regulated through β-catenin and EGR1.

The effect of mPGES-1 on β-catenin downstream signaling molecules {#S11}
-----------------------------------------------------------------

We further examined the potential effect of mPGES-1 on the β-catenin downstream signaling molecules. As shown in [Figure 11](#F11){ref-type="fig"}, the expression of β-catenin downstream genes including c-myc, cyclin D1 and Akt are increased in mPGES-1 overexpressed cells but decreased in mPGES-1 depleted cells. Consistent with the inhibition of p21^WAF/CIP1^ and p27^KIP1^ by β-catenin pathway([@R47], [@R49]), the levels of these CDK inhibitors were decreased when mPGES-1 was overexpressed but increased when mPGES-1 was knocked down. These findings reveal that mPGES-1 regulates β-catenin downstream genes in HCC cells.

DISCUSSION {#S12}
==========

The current study provides both *in vitro* and *in vivo* evidences for an important role of mPGES-1 in hepatocarcinogenesis. Our data showed that overexpression of mPGES-1 in HCC cells increased tumor cell growth, invasion, migration and clonogenic formation capacity, whereas knockdown of mPGES-1 reduced these parameters. In the SCID mouse tumor xenograft model, mPGES-1 overexpression enhanced tumor growth whereas mPGES-1 knockdown delayed tumor development and reduced tumor size. Our further experiments suggest that β-catenin is a key mPGES-1 downstream target in HCC cells; this assertion is based on the following observations: (1) mPGES-1 overexpression increased the nuclear level of β-catenin, whereas mPGES-1 knockdown decreased it; (2) mPGES-1 overexpression increased β-catenin reporter activity whereas mPGES-1 knockdown inhibited it; (3) mPGES-1 overexpression enhanced β-catenin association with TCF/LEF, whereas mPGES-1 knockdown decreased it; (4) mPGES-1 overexpression enhanced β-catenin association with TCF/LEF oligonucleotide, whereas mPGES-1 knockdown reduced it. The importance of β-catenin in mPGES-1-mediated HCC cell growth and progression is reflected by the observation that β-catenin knockdown inhibited mPGES-1-induced HCC cell growth, migration, invasion and cell cycle progression.

mPGES-1-mediated PGE~2~ biosynthetic pathway has been implicated in the regulation of various physiological and pathophysiological processes([@R26], [@R27], [@R29], [@R43], [@R44], [@R51], [@R57], [@R63]). In this study several observations indicate the involvement of PGE~2~ in mPGES-1-induced activation of EGR1 and β-catenin in human HCC cells: (1) both mPGES-1 overexpression and PGE~2~ treatment increased the level of β-catenin and EGR1 with concomitant reduction of GSK-3β and phospho-β-catenin; (2) pretreatment of human HCC cells with anti-PGE~2~ antibody prevented mPGES-1-induced increase of β-catenin and EGR1 as well as β-catenin binding to EGR1, TCF4 and LEF1; (3) pretreatment with anti-PGE~2~ antibody prevented mPGES-1-induced reduction of GSK-3β; (4) pretreatment with anti-PGE~2~ antibody prevented mPGES-1-induced association of β-catenin/EGR1/TCF4/LEF1 to the TCF/LEF DNA consensus site and decreased mPGES-1-induced β-catenin reporter activity. However, the exact role of individual EP receptors for EGR1 and β-catenin activation in HCC cells remains to be further defined.

The regulation of β-catenin activity occurs via a cytoplasmatic multiprotein complex containing GSK-3β that phosphorylates β-catenin, leading to its proteosomal degradation([@R23], [@R25]). In parallel, GSK-3β can also enter the nucleus where it binds β-catenin and inhibits β-catenin/TCF-mediated transcription([@R3], [@R6], [@R12], [@R42]). Previous studies have shown that PGE~2~ induces β-catenin accumulation in hepatic and colon cancer cells through inhibition of GSK-3β-mediated β-catenin degradation([@R7], [@R34], [@R35], [@R53]). In the current study, we provide novel evidence for the involvement of EGR1 in mPGES-1/PGE~2~-induced β-catenin activation. Our data showed that mPGES-1 overexpression increased β-catenin as well as EGR1 with concomitant reduction of GSK-3β, phophorylated β-catenin and SUMO-EGR1. In contrast, mPGES-1 knockdown reduced β-catenin and EGR1 with simultaneous increase of GSK-3β, phophorylated β-catenin and SUMO-EGR1. Western blotting analysis using nuclear proteins showed that mPGES-1 overexpression or PGE~2~ treatment enhanced β-catenin and EGR1 trafficking from cytoplasm to nucleus, whereas mPGES-1 knockdown or anti-PGE~2~ antibody treatment reduced this process. These observations suggest that mPGES-1/PGE~2~ signaling activates β-catenin through regulation of EGR1 as well as GSK-3β.

EGR1 is emerging as an important regulator of carcinogenesis([@R18], [@R32], [@R37], [@R46], [@R61], [@R65]). In this study, our data have shown that mPGES-1 signaling induces accumulation of EGR1 in human HCC cells. This observation is consistent with a previous study by Danesch and colleagues showing that PGE~2~ increases EGR1 mRNA in 3T3 fibroblasts([@R11]). Given that EGR1 can induce mPGES-1 gene expression through binding to the GC box region of the mPGES-1 gene promoter([@R41], [@R45], [@R58]), it is conceivable that EGR1 and mPGES-1 may form a positive feedback loop that promotes tumorigenesis. A previous study has shown that EGR1 modulates β-catenin signaling pathway through up-regulating the expression of TCF4 and p300([@R50]). However, prior to the current study it remains unknown whether these two transcription factors (EGR1 and β-catenin) might directly interact with each other in human cells. This study provides novel evidence for a direct interaction between EGR1 and β-catenin in human HCC cells. Our data showed that mPGES-1 overexpression increased nuclear β-catenin association with EGR1, whereas mPGES-1 knockdown decreased this interaction. Furthermore, EGR1 overexpression was found to enhance mPGES-1-induced β-catenin binding to TCF4/LEF1 proteins as well as their association with TCF/LEF DNA consensus element, whereas EGR1 knockdown decreased these interactions. The observation that β-catenin knockdown prevents mPGES-1-induced EGR1 binding to LEF/TCF DNA consensus site suggests that the effect of EGR1 is mediated through its association with β-catenin protein. Taken together, our findings reveal mPGES-1/PGE~2~-induced activation of EGR1 and β-catenin in HCC cells.

The observation that SUMO-EGR1 did not bind β-catenin suggests that EGR1 sumoylation is probably not directly involved in mPGES-1-mediated β-catenin activation in HCC cells. However, given the reciprocal inverse correlation between EGR1 and SUMO-EGR1 in cells with altered mPGES-1 expression, it is possible that sumoylation of EGR1 may influence β-catenin activity by depleting the pool of non-sumoylated EGR1. In this context, it is interesting that GSK-3β overexpression increased sumoylated EGR1 but decreased nonsumoylated EGR1; these findings suggest that GSK-3β might inhibit β-catenin activity through sumoylation of EGR1, which leads to reduction of nonsumoylated EGR1. This viewpoint is corroborated by the observation that GSK-3β overexpression partially inhibited mPGES-1-indued β-catenin association with TCF4 and EGR1.

In summary, this study shows that mPGES-1 and its enzymatic product, PGE~2~, inhibits GSK-3β and induces the formation of EGR1-β-catenin complex which interacts with TCF4/LEF1 transcription factors, leading to β-catenin activation and upregulation of its downstream genes in human HCC cells (illustrated in [Fig 11C](#F11){ref-type="fig"}). The observation that β-catenin and EGR1 knockdown reverses mPGES-1 oncogenic potential demonstrates an important role of EGR1 and β-catenin in mPGES-1-induced HCC growth and progression. Our findings disclose a novel connection between mPGES-1/PGE~2~ and EGR1/β-catenin signaling pathways which are crucial for hepatocarcinogenesis. It is conceivable that these molecules may serve as important future therapeutic targets for effective chemoprevention and treatment of human HCC.

MATERIALS AND METHODS {#S13}
=====================

Cell lines and plasmids {#S14}
-----------------------

Human HCC cell lines (Hep3B and Huh7) were maintained in Minimum Essential Medium with Eagle's Salts (EMEM) from Invitrogen (Carlsbad, CA) supplemented with 10% heat-inactivated (56°C, 30 minutes) fetal bovine serum (Sigma) in a humidified atmosphere of 5% CO~2~ incubator at 37°C. Plasmids purchased from Origene (Rockville, MD) are pCMV6-AC-GFP control vector, pCMV6-AV-GFP-mPGES-1, pGFP-V-RS control vector, pGFP-V-RS-mPGES-1, pGFP-V-RS-β-catenin, pGFP-V-RS-EGR1, pCMV5 control vector, pCMV5-β-catenin, pCMV5-EGR1, and pCMV5-mPGES-1.

Transfection and stable cell lines {#S15}
----------------------------------

Hep3B and Huh7 cells were transfected with either pCMV6-AV-GFP-mPGES-1 overexpression plasmid, pCMV6-AC-GFP control vector, pGFP-V-RS-mPGES-1 knock-down plasmid, or pGFP-V-RS control vector using lipofectamine^R^ 2000 (Invitrogen). Stable cell lines were selected by culturing the transfected cells with medium containing 1--2 mg/ml G418 (Calbiochem) for mPGES-1 overexpression or 1--2 μg/ml Puromycin (Invitrogen) for mPGES-1 knockdown. The selective media were replaced every 3 days. Distinct colonies of surviving cells were transferred onto 96-well plates and the cultures continued in selection media. Transfection efficiency was measured by immunofluorescence staining and Western blot using anti-GFP or anti-mPGES-1.

Cell proliferation WST assay {#S16}
----------------------------

The cell proliferation was determined by using the cell proliferation reagent WST-1. In brief, cells at a concentration 4×10^3^ were seeded into 96-well plates in 100μl culture medium containing 10% FBS to allow the cell re-attachment. The cells were then synchronized in G0 phase by serum deprivation and then released from growth arrest by reexposure to serum for the assay. The cell proliferation reagent WST-1(Roche) was added to each well (10μg/well) and the cells were incubated for up to 4 hours at 37°C and 5% CO~2~. OD450 was measured with an ELISA reader. Each sample was assayed in triplicates at daily intervals after seeding for up to 6 days.

PGE~2~ assay {#S17}
------------

Enzymeimmunoassay (EIA) was performed to determine the level of PGE~2~ by using the Amersham PGE~2~ biotrak EIA system (GE Healthcare) according to the manufacturer's instructions.

Western blotting {#S18}
----------------

At the end of each treatment, the cells were washed twice with ice-cold phosphate-buffered saline (PBS) then sonicated on ice in a lysis buffer (50 mM Tris-HCl, pH8.0, containing 150 mM NaCl, 1% Nonidet P-40, 5 mM EDTA, with the protease inhibitor tablets from Roche, or together with 50 mM sodium fluoride, 25 mM glycerophosphate, or 1 mM Na~3~VO4 for phosphorylation assay). Cell lysates were centrifuged at 12,000 × g for 10 minutes at 4°C and the supernatants were collected for western blotting. Protein concentration was measured using a Bio-Rad protein assay (Bio-Rad). After boiling for 5 minutes in the loading buffer with 10% 2-mercaptoethanol, the samples containing 30 μg protein were separated on 10% Tris-glycine gels (Invitrogen); the separated proteins were transferred onto a nitrocellulose membrane (Bio-Rad). Immunoblotting was performed using individual antibodies (including mouse monoclonal anti-mPGES-1, β-catenin, EGR1, SUM1 and biotin from Santa Cruz; β-actin from Sigma; rabbit polyclonal anti-phospho-β-catenin, GSK-3β from Cell Signaling; histone from Abcam; and anti-TurboGFP from Evrogen).

Co-immunoprecipitation (IP) {#S19}
---------------------------

For co-immunoprecipitation, the cells were lysed in 1 ml of the whole-cell extract buffer (50 mM pH7.6 TrisCl, 150 mM NaCl, 0.5--1% NP40, 0.1mM EDTA, 1.0 mM DTT, with protease inhibitor tablets from Roche). 500μl of total cell lysates were used in immunoprecipitation with indicated antibodies. In brief, cell lysates were pre-cleared with 30μl protein G/A-plus agarose beads (Santa Cruz) by rotation for 1 hour at 4°C and the supernatant were obtained after centrifugation (1,000 × g) at 4°C. The precleared supernatant was incubated with 2 μg antibody by rotation for 4 hours at 4°C; the immunoprecipitates were then incubated with 30μl protein G/A-plus agarose beads by rotation overnight at 4°C. The precipitates were washed five times ×10 min with beads wash solution (50 mM pH7.6 TrisCl,150 mM NaCl, 0.1% NP-40,1mM EDTA) and then resuspended in 40 μl 2×SDS-PAGE sample loading buffer for Western blot with indicated antibodies.

DNA pull down assay {#S20}
-------------------

Cells were lysed by sonication in HKMG buffer (10 mM HEPES, PH7.9, 100 mM KCl, 5 mM MgCl~2~,10% glycerol,1 mM DTT, and 0.5% NP40) containing protease and phosphatase inhibitors for preparation of nuclear exacts. The nuclear extracts were precleared with Streptavidin-agarose Resin (Thermo) for 1 hour, then the precleared supernatant was incubated with 1μg biotinylated double-stranded oligonucleotides TCF/LEF-site : 5 ′-Biotin-AGATCAAAGGG-3′ and 5′-Biotin-CCCTTTGATCT -3′ (synthesized by Integrated DNA Technologies) and 10μg poly(dI-dC) for 24 hours. DNA-bound protein was collected with streptavidin-agarose resin. The resin bound complex was washed with 0.5--1.0 ml binding buffer with centrifugation for 1--2 minutes at 2000×g for at least five times. After the final wash, the resin-bound complex was dissolved in SDS-PAGE sample buffer for western blotting with indicated antibodies.

Xenograft transplantation and *in vivo* tumor studies {#S21}
-----------------------------------------------------

Four-week male athymic NOD CB17-prkdc/SCID mice from Jackson laboratory were inoculation subcutaneously at the armpit with Hep3B or Huh7 cells (100 μl cell suspension at a concentration of 1 × 10^8^ cells per ml in PBS). The mice were observed over 4 weeks for tumor formation. Subsequently, the mice were sacrificed and the tumors were collected. The wet weight of the tumors was determined. One portion of each tumor was fixed in 4% paraformaldehyde and embedded in paraffin for histological examination; the other portions were processed for protein extraction or immunochemical staining. The use of mice for this work was reviewed and approved by the institutional animal care and use committee in accordance with the national institutes of health guidelines.

Supplementary Material {#S22}
======================
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COX-2

:   cyclooxygenase-2

**GSK-3**β

:   glycogen synthase kinase 3 beta

HCC

:   hepatocellular carcinoma

LEF

:   lymphoid enhancer factor

mPGES-1

:   microsomal prostaglandin E synthase-1

PGE~2~

:   prostaglandin E~2~

SCID

:   severe combined immunodeficiency

SUMO

:   small ubiquitin-like modifier

TCF

:   T-cell factor

![mPGES-1 promotes human HCC cell growth, *in vitro*\
**A & B.** Immunofluorescence staining and Western blotting for mPGES-1 in Hep3B (A) and Huh7 (B) cells stably transfected with four different vectors: GFP control (pCMV6-AC-GFP); GFP-mPGES-1 overexpression (pCMV6-AV-GFP-mPGES-1); RNAi control (pGFP-V-RS); and mPGES-1 RNAi (pGFP-V-RS-mPGES-1 RNAi). *Upper panels:* Immunofluorescence staining of mPGES-1 in four stable cell lines (TRITC staining with DAPI counterstaining) and the corresponding GFP fluorescence (original magnification ×100; scale bars 10μm). *Lower Left:* Western blotting of mPGES-1 in four stable cell lines. The level of mPGES-1 is increased in mPGES-1 overexpressed cell line (44KD, GFP-mPGES-1 fusion protein) and decreased in mPGES-1 RNAi cell line (17KD). β-actin was used as the loading control. *Lower Right:* The synthesis of PGE~2~ in cells stably transfected with the mPGES-1 overexpression vector or RNAi vector. Cell culture supernatants were collected to measure PGE~2~ level by using the PGE~2~ enzyme immunoassay system (GE Healthcare). The data are presented as mean ± SEM (\*\* p\<0.01 compared to the corresponding vector control cells).\
**C & D.** Cell proliferation assay (WST-1) in HCC cells with altered mPGES-1 expression. Hep3B (C) and Huh7 (D) cells were synchronized in G0 phase by serum deprivation and then released from growth arrest by re-exposure to complete medium containing 10% fetal bovine serum. The cell proliferation and viability were determined by the WST-1 assay in 96-well plates. Each sample was assayed in triplicates for 6 consecutive days. Cell growth curve was determined on the relative values of OD450 and each point represents the mean ± SEM from three independent experiments (\* p\<0.05; \*\* p\<0.01).\
**E-F.** Colony formation assays in cell culture plates (E - Hep3B; F - Huh7). Representative photographs of colony formation from different stable cell lines are shown at the left panels. The colony formation rate (%) is shown in the right panels (calculated by dividing the colony numbers by 1 × 10^3^ plated cells). The data (mean ± SEM) were obtained from three independent experiments.](nihms303192f1){#F1}

###### The effect of mPGES-1 on cell cycle progression, BrdU labeling, cell invasion and injury repair

**A & B.** Cell cycle analysis by flow cytometry in Hep3B (A) and Huh7 (B) cells with altered expression of mPGES-1. The percentage of cells in S, G0/G1, and G2/M phases of the cell cycle was determined using the standard cell cycle analysis software. All experiments were conducted in triplicate, and the results were evaluated blindly. Data are presented as mean ± SEM (\*p\<0.05; \*\*p\<0.01).

**C & D.** BrdU immunofluorescence staining in Hep3B (C) and Huh7 (D) cells with altered expression of mPGES-1. Representative photographs of BrdU positive cells from different groups are shown at the left panels (scale bars 10 μm). Quantitative analysis of BrdU positive cells are shown at the right panels. The frequency of BrdU positive cells was determined by counting the positive stained cells and the total number of cells in randomly selected magnification fields. The BrdU positive cell rate (%) was calculated by dividing the numbers of BrdU positive cells by the total numbers of cells. The data are presented as mean ± SEM (\*\* p\<0.01).

**E & F.** Transwell assay (E - Hep3B cells; F - Huh7 cells). Representative photographs of invaded cells from independent groups are shown at the left panels (scale bar 10 μm). Quantitative analysis of invaded cells is shown at the right panels. The data are presented as mean ± SEM from three different experiments.

**G & H.** Wound healing assay (G - Hep3B cells; H - Huh7 cells). Representative photographs of cell migration/injury repair from different cell lines are shown at the left panels (0 and 24 hours after scratch) (scale bar 10μm). The average wound width is shown at the right panels; the data are presented as Mean ± SEM (\*\* p\<0.01).

![](nihms303192f2a)

![](nihms303192f2b)

![mPGES-1 promotes HCC growth in SCID mice\
Hep3B and Huh7 cells stably transfected with mPGES-1 expression or siRNA vectors were injected subcutaneously at armpit of SCID mice (100 μl cell suspension at a concentration of 1 × 10^8^ cells per ml in PBS). The mice were monitored for tumor formation (5 or 6 mice for each group) and the tumors were recovered 4 weeks after inoculation (**A** - Hep3B tumor; **B** - Huh7 tumor). The wet weight of each tumor and tumor appearance time (days) were determined for each mouse. The photographs of the transplanted tumors are shown at the left panels. The average weight of the xenograft tumors are shown at the mid panels (the data represent mean ± SEM, n = 5--6). The average onset time (days) of the xenograft tumors (days) are shown at the right panels (the data represent mean ± SEM, n = 5--6).](nihms303192f3){#F3}

![mPGES-1 increases β-catenin and EGR1 in human HCC cells\
**A & B**. Confocal microscopy showing immunofluorescence staining of β-catenin in Hep3B (A) and Huh7 (B) stable cell lines (with TRITC staining and DAPI counterstaining; original magnification×200; scale bar 10μm). The level of β-catenin was increased in mPGES-1 overexpressed cells but decreased in mPGES-1 knockdown cells.\
**C & D**. Western blotting using whole cellular proteins from Hep3B (C) and Huh7 (D) cells stably transfected with mPGES-1 expression vector or RNAi vector. mPGES-1 overexpression increases β-catenin with concurrent reduction of GSK-3β and phosphorylated β-catenin. In contrast, mPGES-1 knockdown reduces β-catenin with concurrent increase of GSK-3β and phosphorylated β-catenin. Furthermore, mPGES-1 overexpression also increases EGR1 with simultaneous reduction of SUMO-EGR1, whereas mPGES-1 knockdown reduces EGR1 but increases SUMO-EGR1.\
**E & F**. Western blotting using nuclear proteins from Hep3B (E) and Huh7 (F) cells stably transfected with mPGES-1 expression vector or RNAi vector. mPGES-1 overexpressed cells show increased nuclear levels of β-catenin and EGR1 but decreased nuclear levels of GSK-3β and SUMO-EGR1. An opposite pattern was seen in cells with mPGES-1 depletion.\
**G & H**. Western blotting using cytoplasmic proteins from Hep3B (G) and Huh7 (H) cells stably transfected with mPGES-1 expression vector or RNAi vector. mPGES-1 overexpression increases β-catenin with concurrent reduction of GSK-3β. In contrast, mPGES-1 knockdown reduces β-catenin with concurrent increase of GSK-3β. Furthermore, mPGES-1 overexpression also increases EGR1, whereas mPGES-1 knockdown reduces EGR1. SUMO-EGR1 was not detected in cytoplasmic protein.](nihms303192f4){#F4}

![The effect of PGE~2~ in HCC cells\
**A.** Western blotting using whole cell lysates or nuclear extracts from Huh7 cells treated with 10μM PGE~2~ (Cayman Chemical Company) for 24 hours or the vehicle control (DMSO).\
**B.** Huh7 cell line transfected with mPGES-1 expression vector were treated with 10ng/ml anti-PGE~2~ (highly specific for PGE~2~, purchased from Abcam, San Francisco, CA) or the vehicle control (DMSO) for 24 hours. The whole cell lysates or nuclear extracts were obtained for western blotting analysis.\
**C.** Huh7 cell line transfected with mPGES-1 expression vector were treated with 10 ng/ml anti-PGE~2~ antibody or vehicle (DMSO) for 24 hours. The whole cell lysates or nuclear extracts were obtained for western blotting analysis. The nuclear extracts were subjected to immunoprecipitation with anti-β-catenin antibody followed by western blotting analysis for EGR1, TCF4, LEF1, and GSK-3β. Nuclear β-catenin was used as input control for immunoprecipitation; β-actin was used as internal control for routine western blotting. IP -- immunoprecipitation; WB -- western blotting.](nihms303192f5){#F5}

![mPGES-1 enhances nuclear β-catenin association with EGR1, TCF4 or LEF1 in Hep3B cells\
Hep3B cells were transfected with different vectors (mPGES-1 expression or RNAi vector, β-catenin expression vector, EGR1 expression or RNAi vector, and control vectors) as indicated on the top of the panels. The nuclear extracts were obtained and subjected to immunoprecipitation by using specific antibodies or IgG as the control, followed by western blotting using specific antibodies as indicated for each panel. The nuclear extracts or whole cell lysates were also processed for routine western blotting analysis. IP -- immunoprecipitation; WB -- western blotting.\
**A.** mPGES-1 increased the association between β-catenin and EGR1. Nuclear β-catenin was used as input control for immunoprecipitation.\
**B.** mPGES-1 increases the interaction between β-catenin and TCF4 in the nuclei isolated from Hep3B stable cell lines; the interaction is enhanced by EGR1 overexpression. Nuclear β-catenin was used as input control for immunoprecipitation.\
**C.** mPGES-1 increases the interaction between β-catenin and TCF4 or LEF1 in the nuclei isolated from Hep3B stable cell lines; the interaction is decreased in cells with EGR1 depletion. Nuclear β-catenin was used as input control for immunoprecipitation.\
**D.** mPGES-1 increases β-catenin binding to EGR1, but not SUMO-EGR1. Western blots for SUMO-EGR1 (102 KD) or EGR1 (82 KD) were used as input controls.](nihms303192f6){#F6}

![mPGES-1 enhances nuclear β-catenin association with EGR1 and TCF4 in Huh7 cells\
Huh7 cells were transfected with different vectors (mPGES-1 expression or RNAi vector, β-catenin expression vector, GSK-3β expression vector, EGR1 expression or RNAi vector, and control vectors) as indicated on the top of the panels. The nuclear extracts were obtained and subjected to immunoprecipitation by using specific antibodies or IgG as the control, followed by western blotting using specific antibodies as indicated for each panel. The nuclear extracts or whole cell lysates were also processed for routine western blotting analysis. IP -- immunoprecipitation; WB -- western blotting.\
**A.** mPGES-1 increases the association between β-catenin and EGR1 in the nuclei isolated from Huh7 stable cell lines. Nuclear β-catenin was used as input control for immunoprecipitation.\
**B.** mPGES-1 increases β-catenin interaction with EGR1, TCF4 or LEF1 in Huh7 cell lines. *(Upper Panels)* Nuclear extracts were obtained from Huh7 cells with or without mPGES-1 overexpression and processed for immunoprecipitation with anti-β-catenin antibody (or IgG as control), followed by western blotting analysis for EGR1 and TCF4. *(Mid Panels)* The aforementioned first immunoprecipitates were cleansed with the elution buffer (0.1% Triton X-100, 0.1% SDS, 0.5% BSA in PBS) (40μl aliquot first immunoprecipitates was eluted with 750μl elution buffer and incubated for 50min at room temperature). The samples were then subjected to repeat immunoprecipitation (second IP) with anti-LEF1 antibody (or IgG as control), followed by western blotting analysis for EGR1 and β-catenin. *(Lower Panels)* The aforementioned second immunoprecipitates were cleansed with the elution buffer and subjected to an additional repeat immunoprecipitation (third IP) with anti-TCF4 antibody (or IgG as control), followed by western blotting analysis for EGR1 and β-catenin.\
**C.** mPGES-1 increases β-catenin binding to EGR1, but not SUM-EGR1 in Huh7 stable cell lines. Nuclear β-catenin was used as input control for immunoprecipitation.\
**D.** mPGES-1 increases the interaction between β-catenin and TCF4 in the nuclei isolated from Huh7 stable cell lines; the interaction is enhanced by EGR1 overexpression. Nuclear β-catenin was used as input control for immunoprecipitation.\
**E.** mPGES-1 increases the interaction between β-catenin and LEF1 in the nuclei isolated from Huh7 stable cell lines; the interaction is influenced by EGR1.\
**F.** mPGES-1 increases β-catenin interaction with EGR1 or TCF4 in Huh7 stable cell lines; this interaction is partially inhibited by GSK-3β. GSK-3β overexpression increases EGR1 sumoylation. Western blots for SUMO-EGR1 (102 KD) or EGR1 (82 KD) were used as input controls.](nihms303192f7){#F7}

![mPGES-1 increases β-catenin DNA binding in Hep3B stable cell lines\
Nuclear extracts were isolated from Hep3B cells stably transfected with different vectors for EMSA (A) or DNA pull down (B-F) with biotin-LEF/TCF oligonucleotide \[5′-Biotin-AGATCAAAGGG-3′\] (or non-biotinylated cold probe as control), followed by western blotting analysis using specific antibodies as indicated in each panel. WB: Western blotting\
**A.** EMSA showing that mPGES-1 overexpression increased the binding of nuclear protein with LEF/TCF consensus sequence, whereas mPGES-1 knockdown inhibited it.\
**B.** DNA pull down assay showing that mPGES-1 increases β-catenin DNA binding.\
**C.** DNA pull down with co-immunoprecipitation assay showing that mPGES-1 increases β-catenin and EGR1 interaction on TCF/LEF consensus site.\
**D.** DNA pull down with co-immunoprecipitation assay showing that mPGES-1 increases β-catenin and TCF4 interaction on TCF/LEF bind site.\
**E.** DNA pull down assay showing that EGR1 knockdown prevents mPGES-1-induced β-catenin binding to TCF/LEF consensus site.\
**F.** DNA pull down assay showing that β-catenin knockdown prevents mPGES-1-induced EGR1 binding to TCF/LEF consensus site.](nihms303192f8){#F8}

![mPGES-1 increases β-catenin DNA binding and reporter activity in Huh7 stable cell lines\
**A.** Nuclear extracts isolated from Huh7 cell lines transfected with different vectors were utilized for DNA-pulldown with co-immunoprecipitation assay. mPGES-1 overexpression increases the association of β-catenin, TCF4, LEF1 and EGR1 with the LEF/TCF DNA binding site; in contrast, mPGES-1 knockdown decreases these interactions.\
**B.** Huh7 cell line transfected with mPGES-1 expression vector were treated with 10μM anti-PGE~2~ or the vehicle (DMSO) for 24 hours. The nuclear extracts were isolated for DNA-pulldown analysis with biotinylated double-stranded TCF/LEF oligonucleotides followed by western blotting analysis for β-catenin, TCF4, LEF1 and EGR1.\
**C.** Nuclear extracts from Huh7 cell lines transfected with mPGES-1 expression vector and EGR1 RNAi were utilized for DNA-pulldown analysis with biotinylated double-stranded TCF/LEF oligonucleotides, followed by western blotting analysis for β-catenin, TCF4, LEF1 and EGR1. EGR1 knockdown abrogates mPGES-1-induced association of β-catenin, EGR1, TCF4, LEF1 to the TCF/LEF DNA consensus site.\
**D.** The effect of mPGES-1 on TCF/LEF reporter activity. Huh7 cells grown in 6-well plates (1 × 10^5^/well) were transiently transfected with 1 μg of luciferase construct (pGL3/TCF/LEF/Luc or pGL3/Luc) plus pCMV/β-catenin with Lipofectiamine^™^2000. After incubation for 36 h, the cells were harvested and the cell lysates were obtained to measure luciferase reporter activity, which was normalized by the amount of cellular proteins. The TCF/LEF luciferase reporter activity is increased in mPGES-1 overexpressed cells but decreased in mPGES-1 knockdown cells (p\<0.01, data presented as mean ± SEM).\
**E.** The effect of EGR1, β-catenin, GSK-3β and PGE~2~ on mPGES-1-mediated β-catenin activation. Huh7 cells grown in 6-well plates (1 × 10^5^/well) were transiently transfected with 1 μg of luciferase construct (pGL3/TCF/LEF/Luc or pGL3/Luc) with indicated treatments. The data are presented as mean ± SEM (\*p\<0.01 compared to control; \*\*p\<0.01 compared to mPGES-1 overexpression).](nihms303192f9){#F9}

![mPGES-1-mediated HCC cell growth and invasion depend on β-catenin and EGR1 status in Huh7 cells\
**A.** Cell growth assay. Huh7 cells and Hep3B cells stably transfected with the control vector or mPGES-1 expression vector were transfected with the β-catenin siRNA or EGR1 siRNA and the cell growth was determined by WST-1 assay. The data represent the mean ± SEM from three independent experiments (\*\* p\<0.01; left panel -- Huh7 cells; right panel -- Hep3B cells).\
**B**. Cell cycle analysis. Huh7 cells stably transfected with the control vector or mPGES-1 expression vector were transfected with the β-catenin siRNA and/or EGR1 siRNA; cell cycle progression was determined by flow cytometry. The data are expressed as Mean ± SEM (\*\*P\<0.01).\
**C.** Wound healing assay. Representative photographs of cell migration/injury repair from different groups are shown at the left panels (0 and 24 hours after scratch, scale bar 500μm). The average wound width is shown at the right panels (\*\* p\<0.01 compared to mPGES-1 overexpression alone).\
**D**. Transwell cell invasion assay. Huh7 cells stably transfected with the mPGES-1 expression vector or control vector were transfected with the β-catenin siRNA and/or EGR1 siRNA; cell invasion was determined by transwell assays. Representative photographs of invaded cells from different groups are shown at the upper panel. The average numbers of the invaded cells from different groups are shown at the lower panel (the data are presented as Mean ± SEM) (\*p\<0.01 compared to control; \*\*p\<0.01 compared to mPGES-1 overexpression).](nihms303192f10){#F10}

![**A&B.** Western blotting for β-catenin downstream genes was performed in the whole cell lysates, cytoplasmic extracts or nuclear extracts isolated from Hep3B (A) and Huh7 (B) cells with altered expression of mPGES-1. The levels of c-Myc, cyclinD1 and AKT and were increased in mPGES-1 overexpressed cells but decreased in mPGES-1 depleted cells. The levels of p21^WAF/CIP1^ and p27^KIP1^ were decreased when mPGES-1 was overexpressed but increased when mPGES-1 was knocked down. **C.** Schematic illustration of key mechanisms for mPGES-1-induced HCC growth.](nihms303192f11){#F11}
